This study presents a new high-frequency electromagnetic method for a non-destructive evaluation of metallic strip gratings from printed circuit boards and of some carbon-fibrereinforced plastic composites, allowing the detection of small defects. The electromagnetic transducer is based on a metamaterial lens realized with two conical Swiss rolls, that allows the transmission and intensification of purely evanescent modes generated in the slits of metallic strip gratings and in the dielectric that insulate the carbon fibres between them. The method and the transducer used allow the localization of metallic strip interruptions whose widths are greater than 0.2 mm, the non-alignment of carbon fibres, the breaking of carbon fibres, the lack of resin or delaminations due to impact at low energies, with spatial resolution being greater than 0.1 mm.
Introduction
Electromagnetic non-destructive evaluation is a well-known method for the quality control of conductive pieces and structures with the aim of detecting discontinuities and evaluating them as cracks, inclusions, voids, etc. (Udpa & Moore 2004) . It is based on the induction of an eddy current in the object to be controlled, such that the circulation is modified when the regions with electrical conductivity and/or magnetic permeability are different from that of the medium. The method presents two principal limitations: the skin effect (an exponential decrease in eddy current density to the interior of the conductive object) and reduced spatial resolution, which make the distinct detection of closed discontinuities difficult (Udpa & Moore 2004) .
The development of techniques now enables the examination and evaluation of structures of conductive strip gratings type.
The conductive strip grating is a periodic planar arrangement of conductive strips having a long length and a small thickness.
This structure has been and is still very well researched for the following reasons:
-applications as a metallic strip grating which forms the core of electronic packages by providing the ability for interchip communication. The periodic properties of the structure serve a multitude of functions ranging from uniform electrical line characteristics to providing, via holes in reference planes, contact with chips on the top surface (Coombs 2007) ; -applications as a reinforcement element as in the case of the composite carbon fibre reinforced plastics (CFRP) type, where the carbon fibres offer advantages (Morgan 2005; Akkerman 2006 ); -uses in different domains such as the metallic strip grating used as a filter or a polarizer in the range of microwave and optical frequencies (Brand 2003) ; -applications in the domain of metamaterials (Pendry et al. 1999) , starting from the existence of surface plasmon polaritons (Pendry et al. 2004 ); -transmission enhancement of electromagnetic waves through subwavelength metallic apertures (Porto et al. 1998; Pendry et al. 2006) ; and -possibilities of use in the domain of biosensors (Lee & Yook 2008) .
Owing to the small dimensions of both the conductive strips and the space between them (slits), the non-destructive evaluation through electromagnetic procedures of conductive metallic grating represents an interesting set of problems that have been solved by pulsed eddy currents (Plotnikov et al. 2002) , GMR sensing (Yamada et al. 2005) and SQUID sensing (Nagendran et al. 2010) .
The same problem has been posed for the use of conductive carbon fibres as reinforcement in CFRP, using pulsed eddy currents (Tian & Sophian 2006; He et al. 2011) , SQUID sensing (Hatsukade et al. 2002) and different special electromagnetic sensors (Grimberg et al. 2001; Sophian et al. 2001; Grimberg 2011) .
In order to obtain a signal-to-noise ratio as large as possible, it is necessary to use the smallest possible value of lift-off (the distance between the electromagnetic transducer and the controlled piece ; Shull 2002) . This leads to the necessity of working in the near field.
This study presents the possibility of improving the spatial resolution of the electromagnetic non-destructive control of conductive strip grating in the frequency range of hundreds of megahertz, using evanescent waves (Born & Wolf 2002 ) that may appear in slits having widths smaller than the wavelength of the incident electromagnetic waves in vacuum (Guillaumee et al. 2011) .
Lenses with metamaterials (Pendry et al. 2006 ) and diffraction on a circular aperture with a diameter smaller than the wavelength in the vacuum (Pendry et al. 2004) are used for the detection and transmission of evanescent waves. The same method can also be used for the electromagnetic non-destructive evaluation of CFRPs. This paper is organized as follows. Section 2a proves the presence of evanescent modes in thin metallic strip gratings (with a thickness that is three times smaller than the standard penetration depth) as well as thick metallic strip gratings, by evaluating the value of the dispersion equation roots, as well as the amplitude of the pure evanescent mode. Section 2b describes the generation of a polarized field TM z in conductive strip gratings and §2c proves that the evanescent waves are localized in slits and describes the use of conical Swiss rolls metamaterial for their detection. Section 3 describes the studied samples. Section 4a describes the equipment used for the experimental set-up and §4b characterizes the conical Swiss rolls. Section 5 is dedicated to the experimental results obtained for the case of metallic strip gratings with possible structural defects, as well as for the CFRP uniaxial composites. The detection method is based on the metamaterials used as lenses (Pendry et al. 2004) . Some conclusions are presented in §6.
Theoretical aspects (a) Evanescent modes in periodical conductive structures
Consider a structure consisting of a metal band grating and slits filled with a dielectric, excited by a plane electromagnetic wave as shown in figure 1 .
A Cartesian coordinate system is attached to the structure, with the origin in the middle of a slit; the strip grating is placed in the X0Y plane. The space is naturally separated into three sections: section I (z < 0), section II occupied by the strip grating (h > z ≥ 0) and section III (z ≥ h). The space above the grating is assumed vacuum. The relative dielectric permittivity of metal at the working frequency is denoted as 3 rm , and the relative dielectric permittivity of the space between the strips as 3 rd .
The TM z electromagnetic wave polarization shows a remarkable transmission effect in subwavelength periodic arrays, and thus we will mainly examine this polarization (Sturman et al. 2008) . In this case, the electromagnetic field components will be (H x , E y , E z ). The wavelength l in vacuum corresponds to a frequency f of the incident wave.
If h > 3d, where d is the standard penetration depth given by Shull (2002) 
with u = 2pf , m 0 = 4p × 10 −7 H m −1 being the vacuum magnetic permeability and s is the electric conductivity of metal strips, then we can consider that the metal grating is semi-infinite, occupying sections II and III (z ≥ 0, figure 1).
Considering the metal to be silver, with s Ag = 6.28 × 10 7 S m −1 , and the frequency of the incident electromagnetic wave is 500 MHz, then the standard penetration depth will be 2.8 mm; hence if h ≥ 3 × 2.8 = 8.4 mm, we can assume, with good approximation, that the metal grating is semi-infinite.
The basis of the eigenmodes method is a representation of the field below the grating (z < 0) and in the grating (h > z ≥ 0) as well as a super-position of the corresponding eigenmodes. Above the grating, this expansion has the form of the Fourier series
where k 0 = (2p/l), H x 0 is the amplitude of the incident magnetic field and A n is the amplitude of n reflected mode. The field in the grating can be written as the expansion in the eigenmodes of the periodic structure
The eigenmode h n (y) and the propagation constant b n (with positive imaginary part) are the solutions to the eigenvalue problem (Sturman et al. 2007) .
In the case of normal incidence, with good approximation, we can consider only the even eigenmodes, which can be expressed as trigonometric functions on one grating period (d).
(2.5)
The eigenvalues b are determined by the dispersion relation
where
We analyse the case of a metallic strip grating made of Ag, having geometrical parameters d = 1, a = 0.4 mm, h = 10 mm (figure 1), excited with a TM z polarized plane electromagnetic wave, with a frequency of 500 MHz and a wavelength l = 0.6 m. This metallic strip grating accomplishes the condition h > 3d and can be considered semi-infinite and a, d ≪ l.
For a frequency of 500 MHz, the dielectric permittivity of silver is 3 rm = −48.8 − j × 3.16 (Palik 1985) .
We will search for solutions for the transcendental equation (2.6) in the form b = b + jb , with the condition b ≥ 0, b having either positive or negative values (|b | ≥ 0). Figure 2a presents the eigenvalues of b in the plane (b , b ) as solutions of equation (2.6) if the dielectric is vacuum (3 rd = 1). In this case, there is only one solution, pure imaginary, by the form b = j × 18.2 corresponding to an evanescent mode induced in slits. Figure 2b presents the modification of the amplitude of the single evanescent mode for a period d along y direction. It can be observed that the amplitude of the single evanescent wave mode presents a maximum inside the strips, at approximately 55 mm from the vertical walls of the strip located at y = ±0.2 mm, decreasing in the central zone of the slit.
The evanescent mode that appears in the slits can be used for the improvement of the spatial resolution of electromagnetic methods for non-destructive evaluation of metallic strip gratings from printed circuits boards. Strips interruption, non-alignment, etc., can be localized when h < 3d.
(b) Generation of a polarized field TM z in conductive strip grating
According to the coordinate system in figure 1, for the generation of an electromagnetic field TM z polarized having the components (|H x |, |E y |, |E z |), a rectangular frame was used, having dimensions 2l × 2L, with the side 2l (2l < 2L) perpendicular to the direction of the metallic strips.
The calculation of the field can be made using the dyadic Green's functions method for free space as well as the method of an integral on the source volume (Grimberg et al. 2000) .
We consider a rectangular frame having the dimensions 2l = 20 mm and 2L = 60 mm, wherein one turn is circulated by an alternating electrical current at 500 MHz and amplitude of 1 mA. Following the procedure described in Grimberg et al. (2000) , the components of the magnetic field created by the frame circulated by the current can be relatively simple to calculate using a numerical code developed in MATLAB 2011a. Figure 3a -c presents the moduli of the magnetic field components generated by the rectangular frame that is circulated by a current with 500 MHz frequency and 1 mA amplitude. Having the rectangular frame positioned as mentioned already, the H z component of the magnetic field created by the frame will act along the length of metallic strip (x-direction in figure 1).
(c) Detection of purely evanescent modes in slits using metamaterials Metamaterials (Wiltshire 2007) can provide an engineered response to electromagnetic radiation that is not available from the class of naturally occurring materials. They consist of an individual or an array of elements for which all the geometric dimensions are small compared with the wavelength of operation. The dimensions of the element should be much smaller than the wavelength, meaning the condition is accomplished, as the wavelength of the electromagnetic incident plane wave is large (0.6 m at 500 MHz).
As a function of the frequency of the incident electromagnetic field and the geometric shape, the metamaterials may have a high relative magnetic permeability, even if the material is paramagnetic, or negative, as well as the dielectric permittivity being either positive or negative (Pendry et al. 1999) . At the same time, the metamaterial lenses allow the amplification of the evanescent waves (Pendry 2000) .
A new type of metamaterial that allows a relatively simple realization of a lens is the conical Swiss roll . A conical Swiss roll consists of a number of spiral-wound layers of an insulated conductor around a conical mandrel (figure 4a).
Conical Swiss roll types can have a large or negative magnetic permeability although ferromagnetic components are not involved in their construction; meanwhile this type of material cannot present negative dielectric permittivity.
Let us consider a layout of two conical Swiss rolls, presented as in figure 4b . This layout can act as a lens only when the frequency of electromagnetic waves ensures a large relative magnetic permeability. If we place a conductive screen having a circular aperture with diameter 2r in front of the small base of first Swiss roll, this will represent the object plane. The focal plane is located in the section of the small base of the second Swiss roll. If the object generates evanescent waves at distances smaller than the wavelength, the field generated at a z distance from the lens will be (Born & Wolf 2002) . where f k (k x , k y ) represents the angular spectrum of the field from the aperture
y , the electromagnetic wave is an evanescent wave, being rapidly attenuated along the z-axis.
If the diameter of the aperture is small, we may suppose that the incident evanescent wave will have a constant angular spectrum, which can be expressed as
Using the Fourier optics method (Born & Wolf 2002) for the condition given by (2.9), the field in the focal plane is obtained by
(2.10)
The diameter of the focal spot of the metamaterial lens is given by (Born & Wolf 2002 ) and will be equal to the diameter of the small base of the conical Swiss roll, according to figure 4. The lens realized with the two conical Swiss rolls will be displaced along the y-axis of the Cartesian coordinate system attached to the strip grating (figure 1). For this reason, we can set k a = 0, from (2.11) the resulting k b = ((4p)/D) and equation (2.10) becomes
In equations (2.10) and (2.12), H 0 represents the amplitude of the incident electromagnetic field. If the circular aperture placed in the front of the small base of Swiss roll I ensuring that the incident rays are paraxial, is at small distance from the grating, we can consider that H 0 ∼ h, where h represents the amplitude of the evanescent modes generated in slits under the action of a TM z polarized electromagnetic wave. In the focal plane, the amplitude will be H (x, y, z 0 + 2d). Figure 5 presents the dependency of H (x = 0, y, z = z 0 + 2d) fields calculated in the focal plane of the lens, with coordinate y, for the evanescent modes with the amplitude being as presented in figure 2b . Upon examining figure 5, it can be observed that the shape of the curve that indicates the amplitude in the focal plane has a plateau for metallic strip grating in air. The maximum of the curve occurs in the central zone of the slits. Also, it can be observed that the regions where the amplitude of evanescent waves presents a local maximum, namely at approximate 55 mm inside the strip calculated from the vertical wall are visible on the electromagnetic image through the lens with metamaterials but are attenuated. From here, we can affirm that the lens made with two conical Swiss rolls does not give a perfect match image of the 'object', namely of the shape of the evanescent wave amplitude by a y coordinate, but increases the amplitude. The evanescent modes generated in the metallic strip grating slits can be detected by placing a reception coil in the focal plane of the lens, and by measuring the induced electromotive force (EMF). In a similar manner, evanescent modes can appear in the plastic layer that insulates the carbon fibres from CFRP. In this case, the behaviour of the conductive carbon fibres is like that of the conductive strips, the plastic with dielectric properties representing the slits. Thus, the earlier-mentioned high-frequency electromagnetic method can be used for the non-destructive evaluation of metallic strip gratings from printed circuits boards and that of CFRP uniaxial composites.
Studied samples
We have considered regions from a flexible printed circuit having silver metallic strips with a = 0.4 mm, h = 10 mm, d = 1 mm, as in figure 6a. Furthermore, an uniaxial CFRP composite sample having 2 mm thickness, comprising six layers of carbon fibres (T300 type) and epoxy resin having matrix (type 8552-66; Hexcel, USA) has been taken into account (figure 6b). The CFRP samples were impacted with energies between 1 and 12 J using CEAST FractovisPlus 9350 machine.
Experimental set-up (a) The equipment
The generation and detection of evanescent waves from slits were made using the electromagnetic transducer presented in figure 7a . The rectangular frame used for the generation of the TM z polarized electromagnetic field has a dimension of 20 × 60, 1.2 mm diameter and is made up of a Cu wire. This represents the excitation part of the transducer. The lens is constructed from two conical Swiss rolls , with the large bases being placed face to face. The insulated conductor is a copper foil with 18 mm thickness and a layer of polyamide with 12 mm (Longlite 200 produced by Rogers Corporation USA). The copper and polyamide layers were laminated together, without using an adhesive to decrease losses at high frequencies. The conical Swiss rolls have 2.5 layers, a 20 mm-diameter large base, 3.2 mm-diameter small base, an aperture angle of 20
• and a length of 55 mm.
The reception coil with 1mm diameter and one turn made of a Cu wire with 0.1 mm diameter, was placed in the focal plane of the lens. A grounded screen made from the same insulated conductor as the conical Swiss rolls with a circular aperture of 0.1 mm diameter was placed in front of the lens (figure 7a). The distance between the emission part of the electromagnetic transducer and the centre of the circular aperture was 25 mm.
During the measurements, the transducer was fixed and the flexible printed circuit board is displaced in front of the transducer using a XY motorized stage, Newmark type, and the scanning step being 0.1 mm. The transducer is connected to a Network/Spectrum/Impedance Analyzer type 4395A-Agilent USA (figure 7b).
(b) Conical Swiss roll characterization
It is conceptually convenient to replace a conical Swiss roll or a lens constructed from two conical Swiss rolls by a homogenous medium, whose electromagnetic properties result from an averaging of the local fields and current distributions (Smith et al. 2005) . The standard procedure consists of measurement of S parameters. Assuming that the continuous material is characterized by a refractive index n and an impedance z, relatively simple analytic expressions can be found relating the n and z of a slab to the S parameters (Smith et al. 2005) For the measurement of S parameters of conical Swiss rolls and that of corresponding lenses, the method indicated in was used, with a Network/Spectrum/Impedance Analyzer type 4395A-Agilent coupled with an S Parameters Test Kit 87511A. At port 1, a circular coil with 18 mm diameter and one turn made up of 1.2 mm-diameter Cu wire and at port 2, a circular coil having 1mm diameter and one turn made up of a 0.1 mm-diameter Cu wire were connected. The connection was made through a coaxial cable designed to work up to 2.2 GHz. Figure 8a ,b presents the dependency by frequency of S 11 and S 21 for one of the realized conical Swiss rolls. The resonant behaviour becomes visible around 489 MHz. Using equations (4.1)-(4.3), the effective magnetic permeability of the conical Swiss roll can be determined; their dependency being presented in figure 8c . The maximum permeability of this metamaterial occurs at 489 MHz having the value 28.3.
In order to construct the lens with metamaterials, two conical Swiss rolls were selected to have appropriate working frequencies and approximately equal effective magnetic permeability. The S 21 parameter was measured for the realized lens ( figure 9a ) and for the case in which the circular aperture is placed in front of first Swiss roll (figure 9b). It can be observed that the presence of the circular aperture modifies the transmission through the lens, presenting two maximums more nets than in the case without the aperture. It can be concluded that the presence of the circular aperture in front of the lens improves the quality of transmission through the lens, without reducing the value of the S 21 parameter too much.
The method proposed for characterization of a conical Swiss roll and the lens made with them allows the optimal choice of working frequency. This has been established as 482 MHz, the frequency that corresponds to the maximum of the S 21 parameter for this lens.
Experimental results and discussions
Using the transducer described earlier, a line scan of 20 mm distance containing the metallic strip grating presented in figure 6a was made, measuring the amplitude and the phase of EMF induced in the reception coil at 20 ± 1 mm lift-off. The metallic strip grating was made from nine silver strips.
In figure 10a , the dependency by position of EMF induced in the reception coil is presented. It can be observed that the EMF amplitude presents eight maximums that correspond to the position of the circular aperture in the zone of slits. This confirms the results of simulations presented in § §2 and 3 as well as that, in slits, evanescent waves were generated using a TM z polarized electromagnetic wave.
If the slits are filled with water (with the value of dielectric constant being 81), at the used frequencies (figure 10b), evanescent waves are no longer generated in the slits. In this case, the assembly of conductive strips reflects the incident waves (Van Bladel 2007) and the slits are no longer visible.
The procedure and the transducer described earlier can serve as a method for electromagnetic non-destructive evaluation of conductive strip grating from flexible printed circuits for the detection of eventual interruption of the strips or short-circuits between traces. An interruption of a strip stops the propagation of the evanescent waves in the nearest slit; so the amplitude of the EMF induced in the reception coil practically decreases to zero when the circular aperture of the transducer is in the respective region of slits. This is presented in figure 11 , which depicts a scan with 0.1 mm step of a 20 × 20 mm region from the metallic strip grating when one strip is interrupted by a cut with 0.2 mm width. This method and the transducer can also be used for a non-destructive evaluation of CFRP composites. In this case, the role of conductive strips is taken by the carbon fibres that, in pre-preg technology, are presented as laminas; the carbon fibres being insulated one from each other through the plastic material used as matrix.
Using the proposed method, the earlier-mentioned CFRP sample has been investigated by a 4 × 4 mm 2 scanning surface with 0.1 mm step on both directions. The obtained results of the scan are presented in figure 12a .
In order to have a unitary presentation mode, the information provided by the amplitude of the signal induced in the reception coil of the electromagnetic transducer will also be used, when the lift-off is about 20 mm.
Examining the results from figure 12a, only the layout of the carbon fibres from the first lamina can be observed, owing to the high frequency of the incident electromagnetic field (482 MHz) as well as the transversal conductivity in the carbon fibres plane (approx. 10 2 S m −1 ). As the carbon fibres were oriented in a parallel fashion and insulated from each other, the image obtained with the earlier-mentioned transducer emphasized the vertical parallel strips. In the region where the carbon fibres were not parallel, the width of the slits became larger in certain regions so that the evanescent waves could not be generated in the dielectric zones that insulated the carbon fibres between them. Furthermore, the dielectric permittivity of the epoxy resin used as the matrix of CFRP composites in this study is 4.8, so that the evanescent waves can appear in the space between the fibres.
This can be seen in the region localized at x = 3 mm. If between the carbon fibres there are zones without resin and the fibres are in electrical contact, the evanescent waves appear only locally where the insulation between the fibres is intact, as can be seen in all the vertical region localized at x = 0.25 mm. One of the main disadvantages of the CFRP composite is the relative reduced resistance to impacts, even at a low energy. The impacts can produce delaminations; it means debondings of the fibres from the matrix, with consequences on the mechanical strength of the structure made with these composites (Grimberg et al. 2009a) In the impact zone, a plastic deformation of CFRP appears, leading to an important increase in the electrical conductivity in this zone. The entire structure of the carbon fibres is modified and thus, the electromagnetic image obtained with the earlier-mentioned transducer is modified with respect to the images of the intact zones of the composite ( figure 12a ). This is presented in figure 12b which depicts a scan of 40 × 40 mm 2 region that contains a delamination induced by an impact with 4 J energy. The scanning step in both directions was 0.2 mm, maintaining the same lift-off and the same frequency of incident electromagnetic field 482 MHz. In this case, the image of the carbon fibres is not visible but the specific information provided by delamination due to impacts (Grimberg et al. 2009b) . It must be mentioned that due to the high frequency of the incident electromagnetic field, the image obtained contains only information provided by the first lamina reported to the surface of the composite to be examined.
The developed technique uses the evanescent waves generated in slits and in the space between the carbon fibres. This confers a better spatial resolution, but it is conditioned by the existence of a lift-off as small as possible (about 20 mm) as well as by the quality of the metamaterials lens used (in order to ensure the smallest radio-frequency losses). The effect of the circular aperture from the screen has been detailed in the Grimberg et al. (2012) . 
Conclusions
-An analytic model was developed in order to calculate the eigenmodes in a thick conductive strip grating, which shows that in a metallic strip grating having silver strip with geometrical dimensions d = 1 mm, a = 0.4 mm, h = 10 mm, excited with a TM z polarized electromagnetic wave with 500 MHz frequency, a single purely evanescent mode appears. -The electromagnetic field TM z polarized can be created with a rectangular frame, having the plane perpendicular on the plane of metallic strip grating and fed with an alternating current.
-In order to detect the intensification of the purely evanescent mode, a metamaterial lens was developed using two conical Swiss rolls with the large bases front to front. The amplitude of the evanescent mode generated in slits was calculated. -On the basis of these theoretical aspects, a new type of high-frequency electromagnetic transducer was developed, using a metamaterial lens with two conical Swiss rolls for which an optimal working frequency was chosen so that the effective magnetic permeability will be a maximum. -Using the transducer and the procedure mentioned earlier, interruptions, short-circuits of metallic strips of printed circuits boards as well as nonalignment of carbon fibres, lack of resin or voids, and delamination induced by low-energy impacts can be detected.
